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A design methodology is an important basis for supporting automation of
the design process. A number of methodologies and design systems have been
developed to aid the engineering design process in different domains [1, 4, 7, 9, 25).
Although different systems use different models to represent design knowledge and
different systems work in different domains, there are common traits that transcend
specific application domains. Knowledge-based frameworks consider design as a
technological activity in which knowledge about a specific domain is used to represent
design artifacts, constraints, and requirements. It is an activity that seeks all relevant
knowledge and combines it to produce a design solution. Design is often considered
as a search process in which a satisfactory design solution is produced from a number
of alternatives [7, 19, 22, 34]. The search proceeds in a design space whose elements
are design objects (components) and attributes (parameters).

The system design approach proposed by Rozenblit [19, 21], termed
Knowledge-Based Simulation Design, focuses on the use of modeling and simulation
techniques to build and evaluate models of the system being designed. It treats the
design process as a series of activities that include: specification of design levels in a
hierarchical manner (decomposition), classification of system components into
different variants (specialization), selection of components from specializations and
decompositions, development of design models, experimentation and evaluation via
simulation, and choice of design solutions.

The design model construction process begins with developing a
representation of design components and their variants. To appropriately represent
the family of design configurations, we have proposed a representation scheme called
the system entity structure (SES) [19, 29]. The scheme - which we shortly explain in
more detail - captures the following three relationships: decomposition, taxonomy,
and coupling. Decomposition knowledge means that the structure has schemes for
representing the manner in which an object is decomposed into components.
Taxonomic knowledge is a representation for the kinds of variants that are possible
for an object, i.e. how it can be categorized and subclassified. The synthesis
(coupling) constraints impose a manner in which components identified in
decompositions can be connected together. The selection constraints limit choices of
variants of objects determined by the taxonomic relations.

Beyond this, procedural knowledge is available in the form of production
rules [17, 26]. They can be used to manipulate the elements in the design domain by
appropriately selecting and synthesizing the domain’s components. This selection and
synthesis process is called pruning [19, 21, 22]. Pruning results in a recommendation
for a model composition tree, i.c. the set of hierarchically arranged entities
corresponding to model components. A composition tree is generated from the
system entity structure by selecting a unique entity for specializations and a unique
aspect for an entity with several decompositions.

The final step in the framework is the evaluation of alternative designs. This
is accomplished by simulation of models derived from the composition trees.
Discrete Event System Specification (DEVS) [29, 20] is a modeling formalism used
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2. KNOWLEDGE-BASED SIMULATION DESIGN METHODOLOGY

In this section, we provide an overview of the Knowledge-Based System
Design Methodology. We discuss the system entity structure representation, the
pruning procedures for generating design configurations, and the DEVS-Scheme
simulation modeling layer of our framework.

2.1 Design Model Representation-System Entity Structure

As a step toward a complete knowledge representation scheme for design
support we have combined the decomposition, taxonomic, and coupling relationships
in a knowledge representation scheme called the system entity structure (SES) [29].
Knowledge representation is now generally accepted to be a key ingredient in
designing artificial intelligence software. Previous work [19, 20, 21, 23] identified the
need for representing the structure and behavior of systems, in a declarative scheme
related to frame-theoretic and object-based formalisms [31, 32]. The elements
represented are motivated, on the one hand, by systems theory [16, 27] concepts of
decomposition (i.e. how a system is hierarchically broken down into components) and
coupling (i.e. how these components may be interconnected to reconstitute the
original system). On the other hand, systems theory has not focused on taxonomic
relations, as represented for example in frame-hierarchy knowledge representation
schemes. In the SES scheme, such representation concerns the admissible variants of
components in decompositions and further specializations of such variants.

A system entity structure is a labeled tree. Nodes of the tree are classified as
entities, aspects, specializations, and multiple decompositions. Variables can be
attached to nodes. They are called attached variables types. An entity signifies a
conceptual part of the system being represented by the entity structure. An aspect is a
mode of decomposing an entity. A specialization is a mode of classifying an entity.
An entity may have several specializations (and/or decompositions); each
specialization (decomposition) may have several entities. The original entity is called
a general type relative to the entities of a specialization. The cntities of a
specialization are called specialized types. Since each entity may have several
specializations, a hierarchical structure called taxonomy results. A multiple
decomposition is a means of representing varying number of entities. An atfached
variable type represents an attribute of an object symbolized by the entity with which
the variable type is associated.

Figure 1 depicts a high level view of the entity structure representing a
printed circuit board. The entity Printed Circuit Board is classified (in functional
specialization) into Hybrid, Digital, and Analog Circuits. The typical components
decomposition defines six major component entities: Integrated Circuits, Power
Supply, Transistors, Diodes, Capacitors, and Resistors. Multiple decomposition
(graphically represented in the figure by triple vertical lines) is used to represent
subentities of Transistors, Diodes, Capacitors, and Resistors. Notice the presence of
attached variables at various entities of the tree. They describe attributes of the
objects represented by entities. For instance, Power Supply has voltage level and
current level. Diode may be characterized by its reverse and forward current.
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Selection Rule Set: selection rules are associated with entities which have children
(aspects or specializations). The rules determine which specialization or aspect
should be selected.
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Synthesis Rule Set: synthesis rules are associated with aspects. The rules check
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results in a recommendation for a model composition tree. Figure 3 illpstrates .the
composition tree concept. The model composition tree contains all the mff)rmatlon
needed to synthesize a model in a hierarchical fashion from its atomic model
components.

PCB
Clock Generator
Processor
Oscillator éﬂz{ﬁ%
PCB
Clock Processor
Generator
Oscilator Analog
U1 Circuit
(U2)

Figure 3. The Composition Tree Concept

To support the model construction process, we have available a set of
software tools that are currently being integrated on Al workstations and PCs. An
expert system shell MODSYN (MODel SYNthesizer) [11, 22] to generate modc?l
structures was developed and implemented. MODSYN uses selectx_on and.synthc?ms
rules to generate a recommendation for a composition tree. A suitable simulation
environment can, given a composition tree, automatically generate a model ready to
simulate.
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Basic Models

In the DEVS formalism, one must specify 1) basic models from which larger
ones are built, and 2) how these models are connected together in hierarchical
fashion. In this formalism basic models are defined by the structure:

M =< XS§)Y,6,)\ ta>

where X is the set of external input event types, S is the sequential state set, Y is the
set of external event types generated as output, §,, (8.,) is the internal (external)
transition function dictating state transitions due to internal (external input) events, X
is the output function generating external events at the output, and ta is the time-
advance function. Rather than reproduce the full mathematical definition here [29],
we proceed to describe how it is realized in DEVS-Scheme.

To specify modular discrete event models requires that we adopt a different
view than that fostered by traditional simulation languages. As with modular
specification in general, we must view a model as possessing input and output ports
through which all interaction with the environment is mediated. In the discrete event
case, events determine values appearing on such ports. More specifically, when
external events, arising outside the model, are received on its input ports, the model
description must determine how it responds to them. Also, internal events arising
within the model change its state, as well as manifest themselves as events on the
output ports to be transmitted to other model components.

A basic model contains the following information:

the set of input ports through which external events are received

the set of output ports through which external events are sent

the set of state variables and parameters: two state variables are usually
present - phase and sigma (in the absence of external events the system
stays in the current phase for the time given by sigma)

the time advance function which controls the timing of internal transitions-
when the sigma state variable is present, this function just returns the
value of sigma.

the internal transition function which specifies to which next state the
system will transit after the time given by the time advance function has
elapsed.

the external transition function which specifies how the system changes
state when an input is received - the effect is to place the system in a new
phase and sigma thus scheduling it for a next internal transition; the next
state is computed on the basis of the present state, the input port and
value of the external event, and the time that has elapsed in the current
state.

the output function which generates an external output just before an
internal transition takes place.

September 1990 J
Coupled Models

Basic-models may
component model which is de

DN =< DM,L,Z,,
where:

D: is a set of compc
for eachiin D,

M;: is a component

I;: is a set, the influe
and for eachjin I,

Z,; is a function, th
and

select: is a function,

Multi-component n
models. A coupled model te
together to form a new m
component in a larger couple
coupled model contains the fc

» the set of compon

» for each compone;

» the set of input po

« the set of output p

The coupling specific
+ the external input
model to one or 1
inputs received by
+ the external outpt
to output ports of
by a component it
model and be tran
+ the internal coupli
ports of other com
may be sent to th
being sent to an ot
+ the select function
the imminent com
is allowed to carry

A multi-component
model in the DEVS formalis:
larger multi-component mo
coupling as required for hicras




*UOIPNIISUOD [opoul [edIydIeIary 10] paxmbai se Fuidnod
10pun paIsopd SI WISI{eULIO) 9y} JBY) SMOYS SIY, ‘[opow jusuodwod-ninur 18|
e ur pakojdwd 9q Jos) ued [opow diseq & yong [6z] wsewioy SAFA Y} ut [spow
a1seq juoeamnbo ue se possaidxs aq ued NQ [pouwr Jusuodwod-ninw v

*JUDAD JXIU SI1 INO A1IBD O) PIMO][E ST

(3uaad Ixou Jo ouny wnunurw 9y} Sulaey asoy)) siuouodwod JusurwIW Y}
JO Ya1TyMm 9500Yd 03 pakojdwd SN Y} SAPOQUIS YOIYM TOTdUNY JIAAS Y

(1opour po[dnod ay) jo 110d ndino ue 0 Juas uidg

0] uonippe ur) sjueuoduiod pajeudisop jo suod ndur oy 01 Juds aq Aewr

1 Jusuodwod € 4q pojerousd st Jndur ue usym - sjusuodwod 13Y30 Jo spod
mdur 03 sjusuodwod jo syiod ndino s1ouu0d Yoryam Furydnod [eusdjur oY) «

A[[euI91X3 paNIWISUEI] 9G pue [opoul

pajdnoo oy jo 110d Jndino pajeudisap e 03 Ju3s 9q Aew ) JudUOdwOd € Aq

pajeoudd st indino ue uoym snyy) - [spow padnod oy jo syod ndino o3
sjuouodwod Jo spod ndino spouuod yoym Fuidnod ndino [euIaxd oY)

spopow jusuodwod pojeudisap 01 [opow pajdnod o) 4q paatedas syndur

spa1p siyy - syuauodwod 3y Jo syod ndut oy Jo 210w IO JUO 0] [dpow
pardnod oy jo syrod yndur oy spouuod Yoym Surdnod ndur [eurdixo oY) «
;Jo s1s15u0d uonesywads Jurdnoo oy,

“Juds 9Je SJUSAD [RUIAIXD YI1ym y3noiy) syiod ndino jo 10s ay)

POAI2DI JB SJUIAD [BUIIIXD YOIYMm Y3noIy) syod jndur jo jos o)
sooouanpjui sy “yuouodwod yoed 10j
sjusuodwod Jo 135 oY) .

‘uO1BWIOJUI SUIMO[[O] 91} SUIRIUod [9pow pajdnod

V UOIPNIISU0D [edIydIeIdry 03 asut Suiald sny) ‘fopows pajdnod 1o3rer e ut Jusuodwod

e se pakojdwo 9q Jjas)1 ued [pouI I9)Je[ SIY], [OPOW MOU B WIIO} O} IdY}250)

spopow Juouodwod [e1aa3s (399uu0d) 9jdnod 03 moy s[[3) [dpow pajdnod v “spopom
pordnod se owaydS-SAT Ul parudwsduwt dre spppow jusuodwod-BnpN

*30129[3s Suryeaiq-o1) 9Y) ‘uonOUNJ B ST 13098
pue

uone(suer) ndino [-01-1 oy} ‘vonouny e st "'z
“1 w [ yoes 10j pue

1 JO saduanpjuI oY) s B st

[epows d1seq jusuodwod € st MY
‘@ ur 1 yoes 10j

‘sonreu Juouodwod Jo Jas B ST
:10yM

<0

<1oF1ES ZI"IW'd > = Nd

;21019008 3Y) £q pauljop ST YoM [opow Jusuodwoo
-NnW ® wioj 0) wsiew o] SAFJ 2y} ut pojdnod 3q Aew s[apow-diseq

SpPpoA paidno)

S0c | ¥dTOIdZ ANV LITANIZOY™ 0661 13quidydas

ue 210J9q isnf J0dINO [BUIIIXD T

Juoxmo oY) ur pasderd sey Jey)
pue 110d ndui ay) QLIS JUISA
IXOU 9Yy) ‘UOINISUERY) [RUIAIUL XU
Mou e ur wajsks o) soerd 0 st ¥
soBueyd waIsAs 91 MOY S

sey uorjouny 3doueApe dwi AY) A
o) 918IS XU YIIYM 0 SIJIIAC

o) suinjer Isnf uonouny siy) 9

-SuomIsuRI) [eurdlul JO Burum oy

(pwiSis £q v

W2ISAS Y] SIUIAD [BUIIIXD JO 9
Ajfensn oxe SO[QELIEA 918)S OM)

JUSS 218 SJUDAD [eU

POAISIA I SJUIAD [E

:uor

“SJuc
91} UO SJUDAD SB SIAJISWIY] 1S
Suisure SJUdAS [RUIdUL ‘OS[Y
epow 2y ‘suod ndut syt vo p
uoym ‘A[[eorjroads 210N SIKC
JUDAD DJQIDSIP JY) U] "PIjeIpau
spod ndno pue ndur Juissas
tenpow yym sy -sagengue
Juo1a1p & 1dope am jey) s

eliit
‘[6T] 210y uwOnIUYSP [EINEWIY
-owr) oy} st e) pue ndino oy
Y ‘sjuoas (yndur [BUIXD) [RUK
(reurod) Tewsaut oYy st (*°9
oY) St 4 995 97e1s [enuanbas o

:2InPIS 9Y
[eoryoaeaaIy Ul 19419501 PIY¥
1081e] YOIYM WOI S[IPOUI DISE

€ "ON ‘L '10Al




206 TRANSACTIONS [Vol. 7, No. 3

Testability of Hierarchical, Modular Models

An important benefit of the object-oriented, hierarchical, and modular
nature of DEVS-Scheme is its support for model verification. We briefly review the
testing process it facilitates as a basis for our later formulation of testing architecture
concepts.

Testability: Models, as objects, can be tested against their behavioral requirements
specification (e.g. given in axiomatic form) by injecting sequences of messages and
comparing their response with that expected.

Modularity: Model specifications are self-contained and have input and output ports
through which all interaction with the external world must take place. In addition,
ports provide a level of delayed binding which needs to be resolved only when models
are coupled together.

Stand-alone and Bottom-up Testability: Due to object encapsulation and
input/output modularity, models are independently verifiable at every stage of

hierarchical construction. This fosters secure and incremental bottom-up synthesis of
complex models.

To summarize, the DEVS formalism underlies DEVS-Scheme, a general
purpose environment for constructing hierarchical, modular discrete event models.
DEVS-Scheme is written in the PC-Scheme language which runs on DOS compatible
microcomputers and under a Scheme interpreter for the Texas Instruments Explorer.
DEVS-Scheme is implemented as a shell that sits upon PC-Scheme in such a way that
all of the underlying Lisp-based and objected oriented programming language
features are available to the user. The result is a powerful basis for combining Al and
simulation techniques.

2.4 Phases in the KBSD Methodology
We now outline the phases required to execute the KBSD methodology.

1. We begin model construction process by conceptualizing
decompositions and specializations of components of the system being
modeled. To do this, we use system entity structuring tools. We utilize
the system entity structure base as a repository of previous modeling
experience. Thus, we may retrieve an entity structure from this base
which is applicable to the modeling domain at hand. Such an entity
structure is modified and enhanced with entities required in the new
project. Models associated with new atomic entities must be developed
and placed in the model base.

2. We develop a rule base to be used in the pruning process. We construct
the rule base from the rules already associated with the system entity
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Figure 5. Top Level Segment of the System Entity Structure

Structure Representation of the IBM XT System Board.

Based on the system entity structure representation, we determine the test
strategy for a given board. Determining the test strategy will involve the selection of

the test level and configuration of the tester architecture.

3.3 Selection of Test Level

The level of testing detail is a design parameter that may critically impact
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(0,0)
(1,0) (b
Fault (lev,col) ;
Generator
2,0) 2,1y  (2,2) (2.3)

Figure 6. Tree Representation for Fault Modeling

Generating Faults

As part of the experimental frame mentioned above we use a generator to
output a stream of faulty and fault-free board models. Such board models may
contain as much information about boards under test as necessary to achieve the
objectives of the simulation study. In the simplest case, where all boards have the
same composition tree, a fault is specified merely by indicating which sub-module is
faulty. In this case, the fault location is specified by a level and column of the
composition tree of the board under test. For example, a fault location (2, 3)
indicates a fault occurring at the component level 2 and at column 3 in the planar
picture of the tree.

It is important to state the interpretation of fault location assignments. The
occurrence of a fault at location (i, j) has the following consequences:

« the fault is detectable by testing at any location which is an ancestor of (i,
j) in the tree. This means that the effect of fault in a component will
manifest itself in all sub-systems in which it is contained. However, the
probability of detecting a fault buried deep within a system may be much
less than that of detecting it by testing the faulty component itself. We
return to modeling this situation soon.

» the fault is detectable at location (i, j) itself.

« the fault is not detectable at any location in the subtree under (i, j). This
means that all the components which are contained within the module at
level (i, j) are fault free and therefore that the fault lies in the coupling of
components at the next lower level, i + 1.

To generate faults we use the following algorithm with parameters pfault, the
probability of having a fault, and pnext-lev, the probability that the fault is at the next
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if the board under test is fault free, prob-of—detecting—fault =0

otherwise: let the location of the fault be (£,f) and the test be carried out on
a component at location (c%)s

if (f,f) is not in the subtree of (c,,c;)

then prob—of—detecting-fault =0

otherwise

if (ci’cj) = (fi’fj)

then prob-of-detecting—fault = test-reliability

otherwise prob-of—detecting—fault = test-reliability/(e"" %) * num-branches)

These rules reflect the interpretation given above concerning the assignment
of locations to faults: when testing a component, a fault can be detected only if it is
located within the component, either at the same level or within some sub-module. In
the former case, the detection probability is by definition the test-reliability. In the
latter case, the fault is at some non-zero depth (c; - f), within the component and we
assume that its probability of detection decreases exponentially with this depth. This
reflects the chance that tests will be sensitive to the particular faulty sub-module in
distinction to all other sub-modules at the same depth.

3.5 Tester Architecture Configuration

To configure the tester architecture, we employ a second system entity
structure and rule-based pruning (recall Figure 2). The system entity structure
represents a flexible testing system that includes generic test stations. Given a specific
mix of systems to test (PCBs), we need to select a subset of components and test
procedures that are sufficient and necessary to realize the testing strategies under
consideration. To support this selection process we employ rule-based pruning
methodology and the pruning expert system shell MODSYN (Section 2.2).

In our testing methodology, the rules must reflect the kind of testing that is
required and the test cells which must be selected in order to realize the test strategy.

To illustrate this concept, let us consider an example of gencrating the test system
proposed by Anderson [2,3].

3.5.1 Example - Configuration of a Test Facility

Flexible testing of printed circuit boards requires that an Automatic Test
Facility (ATF) be designed. The facility should have devices that are configured for
testing a specific type of board. Different configurations of the ATF may be
generated, depending on the type of boards being tested.

As illustrated in Figure 2, the major subcomponents (workstations) of the

ATF include: test cells, transport devices, production stores, and auxiliary facilities.

A test cell can be in in-circuit tester or a functional tester. A transport device can be:

a conveyer, a crane, or an automatic guided vehicle (agv). A production store can be:

a post assembly dock, a scrap store, or a stock store. A burn-in, an inspection cell,
and a repair workstation are auxiliary facilities.
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devices under test can be isolated and

bed-of-nails fixture is available for the PCB

timing defects detection is not required
then select ICT tester

if access to all circuit nodes on the UUT is available and
devices under test can be isolated and
bed-of-nails fixture available for the PCB and
timing of detects detection is required and
edge connector is available

then
selected testers are: ICT and FUNCT

Example of Synthesis Rules

if selected testers are: ICT and FUNCT and
All Auxiliary facilities are required

then
testers are ICT cascaded with FUNCT and
Burn-in facility is cascaded with FUNCT and
there is Inspection facility
there is Repair facility
the transport system is one Crane, one AGV and
one Conveyer
there is Post Assembly Dock production store
there is Stock production store
there is Scrap production store

if selected testers are: ICT and FUNCT and
there are no auxiliary facilities

then
testers are: ICT cascaded with FUNCT and
there are no Auxiliary Facilities and
the transport system is Crane
there is Post Assembly Dock production store
there is Stock production store

Notice that in specifying the rules, we have focused mainly on the test cell
selection. The above example may be further refined by adding blocks of rules
explicitly governing the selection of a transport system or repair facility type.

To illustrate the pruning process, consider a MODSYN consultation session.
The user answers system queries and instantiates the objects’ attributes specified in
the production rules. An example of a consultation session is shown below:

Is the board a bare-board? no
What is the board’s assembly technology? conventional

September 1990 RC

Can devices under test be isolat
Is the bed-of-nails fixture availal
Is timing defects detection requi
Is an edge connector available fi
Is dynamical operation at elevat
Is on-site repair desired? yes

The resulting Configuration Rec

Testers are: ICT cascaded with
Burn-in facility is cascaded with
There is Inspection facility
There is Repair facility

The transport system is: one C
There is Post Assembly Dock
There is Stock production store
There is Scrap production stors

The result of the prur
of cells that perform In-cir
overhead carrier, a conveyer, :
used as Production Stores.
workstation. Figure 7 represe
illustrated in Figures 8 and S
model depicted in Figure 8 v
testing at elevated temperature
test procedure. Figure 9 illust
tests are performed.

3.

The above model car
of the tester it represents. .
frames in assessing tester pe
strategies that route boards tt
on the basis of the test criter
For example, the coupling con
in the following traversal rule:

if A is a "front end" to B
then test A first.

This sends the PCB'
test for module B. Note, ho
the workload at the test site |
sites in the routing.
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To study alternative routing strategies in a systematic manner, we extended
the underlying simulation environment. In DEVS-Scheme, kernel-models and its
subclasses provide convenient facilities for constructing models having arbitrary
numbers of components, generated from a prototype, the kernel, and coupled in a
uniform manner. The coupling specification is determined by a parameterized
formula characteristic of each sub-class of kernel-models. Thus, the modeler specifies
only the parameter values, DEVS-Scheme does the rest.

components linking test stati
structure of boards under tes
board. This mapping of board
test sites is a convenient repres
A mapping of such an ideal tre
necessary to fully study issues i
believe that many questions
addressed to the proposed tree

1
I ____ TEST-STATI(
] in
CRANE Y
c out
TES
Post In-Circuit Functional AGV 2 outd ! in
Assembly Tester v Tester O O N
Dock E  in3l—|out
TES
out2l e IN
Y in2| o [out
) TES
Bum_m - in im out1 in
Facility ———J
out (
{ L
Scrap Repair Inspection

Figure 7a. Simulatc

Stock
Routing is one suct

specify various routing strate;
. . . . . modules in a board to be te
Figure 7. Architecture of Automatic Test Facility - Version 1 (Figure 11). However, to av
and decreasing total test ti
. station would examine the pz

A new sub-class of kernel-models, tree-models, was developed for use in the current work load of its neig
testing methodology described here. As shown in Figure 10, the modeler can specify its next test. Other conside
that the model architecture may be a network with tree topology containing
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(Section 3.3) can also be encoded in the test station model.

CRANE
Post N .
In-Circuit Functional
Asls)emltzly Tester ' Tester Stock
oc

Figure 8. Architecture of the Automatic Test Facility - Version 2

3.7 Evaluation of Tester Performance

Various test strategy/architecture combinations can be generated by pruning
as previously described and their performance measured through simulation in the
prespecified experimental frames (Section 3.1). By comparison of such results, we
can arrive at the test strategy and tester configuration that best satisfy our evaluation
criteria with given tradeoff specifications.

4, SUMMARY

We have presented a conceptual basis for flexible and rapid modeling of an
integrated test cell. The methodology is based on the formal concepts of Knowledge
Based System Design and Simulation. The system under test is represented by the
entity structure and fault locations are modeled in trees resulting from this
representation. The tester configuration is generated from a generic set of test cells
using a production-rule based approach. Alternative test strategies and models of a
tester can be rapidly constructed and evaluated with respect to performance criteria
defined by the test engineer. This approach is expected to result in improvements in
test/rework time, first pass yield, and reduced scrap and work-in-process inventory.
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